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Abstract 

The near horizon geometry of four-dimensional black holes in the dilute gas 
regime is AdS^ x S'^, and the global symmetry group is SU{2) x USp{6). This 
is exploited to calculate their perturbation spectrum using group theoretical 
methods. The result is interpreted in terms of three extreme M5-branes, or- 
thogonally intersecting over a common string. We also consider = 8 black 
holes in five dimensions, and compute the spectrum by explicit decoupling of 
the equations of motion, extending recent work on A^ = 4 black holes. This 
result is interpreted in terms of Dl- and Z?5-branes that are wrapped on a small 
four-torus. The spectra are compared with string theory. 
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1 Introduction 



It has been proposed that, in certain hmits, the near horizon geometry of brane 
configurations contain all the structure needed to construct the underlying quantum 
theory IQ. In particular, the spectrum of classical perturbations in the near horizon 
region is equivalent to that of the quantum operators [0], and the quantum corre- 
lation functions are similarly encoded in the geometry 0, |^. These relations have 
been extensively exploited to study conformally invariant gauge theories in four and 
six dimensions. Another interesting system is the bound state of Dl-branes and D'b 
branes, because of its relation to black holes in five dimensions [Q, and plausibly to 
second-quantized string theory In the case oi Dl — D'b the corresponding con- 
formal field theory (CFT) is two dimensional, and so the techniques for its study are 
well-developed; moreover, the spectrum of perturbations in the near horizon geom- 
etry has been computed completely for Dl — D5 wrapped on a small K3 The 
correspondance with the CFT has been strikingly confirmed in some instances ^ 
but the map may nevertheless be imperfect 0]. 

The purpose of the present paper is to present the spectrum of the black holes in 



N = 8 supergravity, with emphasis on the four dimensional case [|10|, |Tl], [T^. Their 
spectrum is classified in general, using the global duality symmetries. In the dilute 
gas regime the global symmetries are enhanced to SU{2) x USp{6), and the near 
horizon geometry is of the form AdS^ x S^. This structure is exploited to give a 
derivation of all the conformal weights and the associated global quantum numbers, 
using group theoretical methods. The result provides the starting point for a more 
detailed study of the conformal field theory that describes the internal structure of 



black holes in four dimensions JTS], |TJ, |T^. This theory is not well-understood from 
fundamental string theory so the spectrum of perturbations gives new results, such 
as the complete list of chiral primary fields. 

The spectrum of black hole perturbations can be applied to the study of the dy- 
namics underlying the emission and absorption of Hawking radiation. In the simplest 
case, the minimally coupled scalar field, there is a quantitative microscopic model 
that gives both the amplitude [|^, and the energy dependence of the Hawking radi- 
ation [|l7|, in perfect agreement with semiclassical calculations of greybody factors. 
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For more complicated processes there are interesting results, including ||T8, 19, 20, 21 



22| , |23| , P^ , P5| , indicating that most or all processes can be interpreted as interactions 
in an effective string theory. The spectrum of black hole perturbations, presented in 
this paper, gives the quantum numbers of the black hole constituents, whose collisions 
give rise to the Hawking radiation. However, the detailed picture of the black hole 
dynamics remains incomplete: on the semi-classical side, it is not in general clear how 
the near-horizon wave functions match onto the free wave functions in the asymptotic 
Minkowski space. Microscopically, the couplings between operators in the conformal 
field theory and the fields in the bulk of spacetime are not yet understood in detail. 
And, perhaps most seriously, the present discussion appears to apply only for black 
holes in the "dilute gas" regime. Despite these caveats, the results presented here 
provide progress towards a theory of black hole dynamics. 

In the above, the discussion has been framed in terms of the properties of black 
holes in four dimensions. However, in the dilute gas regime the spacetime is effec- 
tively that of a black string in five dimensions. This string can be interpreted as the 
intersection manifold of three intersecting M5-branes. The interpretation as a regu- 
lar black hole in four dimensions requires that the effective string wraps a compact 
dimension, and momentum must be added that flows along the string, in one or both 
directions. However, in the near horizon region, the black hole spacetime and that 
of three extreme M5-branes, uncompactified along their common string, differ only 
in their global properties. Thus, since the present paper studies local properties of 
spacetime, the two perspectives are equally valid. Further discussion of the relation 
between the two interpretations was given, in the context of rotating black holes in 
five dimensions (or rotating black strings in six dimensions), in p6| . 

The AdS/CFT correspondance has been exploited extensively to study black 
holes in five dimensions ^ (see also I^S], ^ 0)- Most of this work has been 
in the context of the black holes in = 4 supergravity, interpreted microscopically 
as -Dl — -D5 wrapped on a small K3 manifold that is transverse to the Dl, and 
within the D5. In sec. |] we discuss how these results are extended to black holes 
in = 8 supergravity, or Dl — D5 wrapped on a small transverse four-torus T^. 
The perturbation spectrum is computed by explicit decoupling of the linearized wave 
equations satisfied by the bosonic perturbations, as an illustration of those methods. 
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This paper is organized as follows. In section ^ we consider black holes in four 



dimensions. First, in sec. 2.1, we analyze the global symmetries, considering in turn 



general black holes, extreme black holes, and dilute gas black holes. Then, in sec. ^ 



the superconformal multiplets of perturbations around the dilute gas black holes are 



calculated, using indirect arguments; finally, in sec. p.3| , the complete list of chiral 
primaries is presented. Section ^ concerns five- dimensional black holes, extending 
results previously derived for = 4 black holes to the case of = 8 black holes. In 
this section the spectrum is computed explicitly, by decoupling of the equations of 
motion. In the concluding section ^ we compare the spectrum of perturbations with 
that of the underlying conformal field theory. The five dimensional case is presented 
in some detail, and the four dimensional black holes are commented on. 



2 = 8 Black Holes in Four Dimensions. 
2.1 Global Symmetries 

We are interested in the perturbation spectrum of the background specified by 3 or- 
thogonally intersecting M5-branes. It is assumed that the configuration is compacti- 
fied along all dimensions within the M5-branes, leaving 4 noncompact dimensions. In 
practice, additional dimensions can be decompactified, as long as the background has 
been averaged over the "internal" directions; the global specification of spacetime will 
not enter our considerations. The configuration can be interpreted in terms of black 
holes in four dimensions and we begin the discussion by considering the most general 
black holes in four dimensions. This generality will give some additional properties 
that are not strictly needed here, but they are of interest in their own right. 

General considerations: The duality group of = 8 supergravity in four dimen- 
sions is -^7(7) [0. Any choice of vacuum configuration breaks this global symmetry 
spontaneously to its maximal compact subgroup SU{8), due to the specification of 
the scalars at infinity. The supersymmetry generators transform in the funda- 
mental of SU{8), and thus the particle spectrum in the four dimensional Minkowski 
vacuum is 70 scalars p^-^CD^ Weyl fermions 4'^^'" , 28 vectors F^^f, 8 gravitini 
ip^ , and the graviton G^^. In each case the SU{8) indices A = 1, ■ ■ ■ ,8 are fully 
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antisymmetrized. 

The global symmetry is in general broken further in a nontrivial background. 
This is most conveniently analyzed in terms of the central charge matrix Zab-, an 
antisymmetric tensor that transforms in the 28 of the SU{9)). It can be represented 
up to an SU{^) transformation as an antisymmetric 8x8 matrix with the skew- 



eigenvalues (see ^ and references therein): 



Zi2 = Q1 + Q2 + Q3 + Q4, (1) 
^34 = Q1 + Q2-Q3-Q4, (2) 

^56 = Q1-Q2 + Q3-Q4, (3) 

Z78 = Q1-Q2-Q3 + Q4. (4) 

In this formula the boldfaced symbols denote the physical (dressed) charges. These are 
the charges that appear in the spacetime solution; they are related to the quantized 
microscopic charges by multiplication with moduli and dimensionful constants. The 
central charge matrix generically breaks the duality group SU{8) SU{2)'^. This 
organizes the scalar fields p^^c*^^ transforming in the 70 of SU (8), into 1 (2, 2, 2, 2), 
2 (2, 2, 1, 1) ( + 2 X 5 permutations) and 6 (1,1,1,1). Similar results are easily 
derived for the fields with higher spin. 

The symmetry breaking pattern determines the wave equations satisfied by the 
individual fields, via the coset construction (see e.g. @|), and this gives the explicit 
connection to much work on greybody factors. We will not need these details, but 
let us note that the symmetry breaking pattern for the scalars show that there are 
exactly 16 minimally coupled scalars, 48 intermediate scalars (in 6 different varieties), 
and 6 fixed scalars. Furthermore, the spacetime parities are such that, for each type 
of scalar, there are equally many proper scalars and pseudo-scalars. 

Extreme black holes: For extreme black holes the dynamics determines the moduli 
in terms of the microscopic charges so that, in the near horizon region, the physical 



charges are identical |^ 



Qi = Q2 = Q3 = Q4 . (5) 
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Then three of the skew-eigenvalues of the central charge matrix vanish and the global 
symmetry is broken SU{S) SU(2) x SU{Q). The vacuum multiplets decompose as: 



SU{S) 


SU{2) X SU{Q) 




70 


(2,20) ©2(1,15) 


pABCD 


56 


(1,20) ©(2, 15) ©(1,6) 




28 


(1,15) ©(2, 6) ©(1,1) 


jjLU 


8 


(2,1) ©(1,6) 




1 


(1,1) 





In the extreme case the background preserves = 1 SUSY which, in the horizon 
region, is enhanced to = 2 SUSY. Therefore the fields eq. ^ can be represented 
as multiplets of = 2 SUSY. The supercharges transform according to the (2, 1) 
of the SU{2) X SU{6), so the various components of the supermultiplet transform 
differently under SU{2)] however, a single SU{6) quantum number can be assigned 
to the complete N = 2 multiplet. We can therefore organize table ^ as: 

multiplet content SU (6) 
Hyper 2S + F 20 
Vector 2S + 2F + V 15 

(7) 

Gravitino Gi + 2V + F 6 
Graviton G + 2Gi + V 1 



The graviton, the gravitino, the vector, the Weyl fermion, and the scalar are denoted 
G, Gi, V, F and S, respectively. In four dimensions each field has two degrees of 
freedom, except the scalar that has only one. With these degeneracies, the numbers 
of bosons and fermions in each multiplet agree. 

Since supersymmetry is broken to = 2, the gravitini in the 6 are massive; in 
particular, the Weyl fermions in the gravitino multiplet are in fact absorbed by the 
gravitini to form the physical components with a longitudinal vector index. 

In the extreme limit, the intermediate scalars of the general classification combine 
with the minimal and the fixed scalars, forming larger multiplets under the enhanced 
symmetry group. In the near horizon region of an extreme black hole the 40 scalars 
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in the hyper-multiplets are all minimally coupled, because (2, 20) contains (2, 2, 2, 2) 
in its decomposition under SU{2y. Similarly, the 30 scalars in the vector-multiplets 
are all fixed scalars, because (1, 15) contains (1, 1, 1, 1) in its decomposition under 
SU{2)^. These result agree with those of 



Near extreme black holes: Next, consider near extreme black holes in the "dilute 
gas" regime. Since the supersymmetry is not restored in the horizon region the "fixed" 
scalars do not take on precisely their fixed point values; however some of them do, so 
that: 

Ql 7^ Q2 = Qs = Q4 . (8) 

This equation can be verified explicitly in specific examples; more generally it can be 
taken as a duality invariant definition of the dilute gas regime. Eq. |^ implies that 
three of the eigenvalues of the central charge matrix are identical, without being zero. 
Therefore the global symmetry is broken as SU{8) SU{2) x USp{6). 
The SU{6) multiplets that decompose nontrivially under USp{6) are: 

15^14©!, (9) 
20 ^ 14' © 6 , (10) 

where the 14 is the antisymmetric 2-tensor of USp{6), and the 14' is the antisym- 
metric 3-tensor. In both cases traces are removed, making it possible that the two 
representations have the same dimension without being equivalent. It follows by com- 
paring eqs. H and |10| with table |^ that the breaking from SU{6) to USp{6) only affects 
the hyper- multiplet and the vector-multiplet, dividing each of them into two smaller 
multiplets. In the dilute gas regime one of the internal dimensions effectively decom- 
pactifies; so the local Lorentz group is enhanced from 5*0(3, 1) to 5*0(4, 1). As result, 
the D = 4 graviton multiplet combines with the "little" vector-multiplet following 
from eq. in the 1 of USp{6), and form a single D = 5 graviton multiplet. Similarly, 
the D = 4 massive gravitino combines with the "little" hyper-multiplet following from 



eq. 10, in the 6 of USp{Q), and form a D = 5 massive gravitino multiplet. 

In summary, the structure of the supermultiplets for perturbations of black holes 
in the dilute gas regime, is: 



7 



• The N = 2 graviton multiplet has 1 graviton, 2 gravitini (in the 2 of the global 
SU (2) ), and 1 vector. They have 5, 2x4, and 3 degrees of freedom, respectively. 
The multiplet is 1 under the global USp{6). 

• The massive gravitino multiplet has 1 massive gravitino and 2 vectors (in the 
2 of the global SU(2) ); they have 6 and 2x3 degrees of freedom, respectively. 
The multiplet is 6 under the global USp{Q). 

• The vector-multiplet has 1 vector, 2 fermions (in the 2 of the global SU{2) ), 
and 1 scalar. They have 3, 2 x 2, and 1 degrees of freedom, respectively. The 
multiplet is 14 under the global USp{6). The scalars are the fixed scalars. 

• The hyper-multiplet has 1 fermion and 2 scalars (in the 2 of the SU{2)). They 
have 1x2 and 2x1, degrees of freedom, respectively. The multiplet is 14' 
under the global USp{6). The scalars are the minimally coupled scalars. 

The classification according to global symmetries is complete as it stands, but 
the background in general breaks Lorentz invariance. Thus the wave function of the 
various components of the N = 2, D = 5 multiplets are not in general related in any 
simple way. 

Duality invariance is manifest in the discussion^; no specific higher dimensional 
interpretation of the configuration has been assumed. However, some configurations 
behave simpler under five dimensional boost invariance, leaving the organization into 
D = 5 multiplets more useful. In the remainder of this work we consider the three 
orthogonally intersecting M5-branes. 

The multiplet structure given above can be recovered directly from the five- 
dimensional perspective, by considering the near-horizon geometry of an extreme 
black hole; the computation is similar to the extreme case in four dimensions, except 
that the compact duality group in five dimensions is USp{8). 

The extreme black holes and the dilute gas black holes are characterized by eq. ^ 
and eq. ^ respectively. The boundary conditions on the scalars at infinity can be cho- 

-"^In particular, the classification persists for the most general black holes, with five independent 
charges |3^. In fact, the near horizon geometry of these black holes is identical to the one considered 
here, when the dilute gas condition (eq. ||) is satisfied. 
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sen so that these equations are maintained throughout spacetimeQ. With this choice 
of moduh the global symmetries, respectively SU{6) and USp{6), can be applied 
away from the near-horizon region. Thus these symmetries classify the full greybody 
factors, rather than just the near-horizon wave functions. 

In the case of three orthogonally intersecting M5-branes, it is possible to include 
momentum running along the line of intersection (in both directions, breaking super- 
symmetry). The geometry of this configuration is BTZ x S"^ x with the effective 
BTZ mass and angular momentum dependent on the momentum and the energy 
above extremality, as given in [39|. However, the BTZ black hole is locally AdSs 



and so the local geometry remains AdSs x S"^ xT^ after this apparent generalization, 
leaving the spectrum of perturbations unaffected. Thus, for local properties, the pos- 
sibility of momentum can be ignored without loss of generality. In particular, the 
spectrum is organized in supermultiplets, even when supersymmetry is broken. 

2.2 Superconformal multiplets 

In this section we find the perturbation spectrum of the near horizon region of three 
intersecting M5 branes, as classified under the (4, 0) superconformal symmetry of the 
underlying CFT in two dimensions. This is accomplished by an indirect strategy: the 
properties satisfied by the supermultiplets from general principles determines them 
uniquely. The precise steps are discussed in the following. 



Global symmetries: In section |2.1j the perturbations of black holes in the dilute 
gas regime were classified under the global SU (2) x USp{6) symmetry. This symmetry 
is preserved by the near horizon geometry; so there can be no mixing between the 
hyper- multiplet, the vector- multiplet, the massive gravitino multiplet, and the N = 2 
graviton multiplet. The field content of these multiplets was written out in the end 
of the previous section. 



^In the extreme case such black holes are referred to as double extreme black holes (see e.g. [pSl). 
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Superconformal symmetry: The near horizon geometry is AdS^ x S"^ [|0|. This 
background can be expressed as the group manifold^: 

, ^ SL(^R)^xSL(^ ^ (11) 
SL(2,R)di.g C(l) ^ 

In this form the bosonic symmetries are manifest. The 5*0(2,2) ^ SL(2,]R)l x 
SL(2, ]R)ij is the conformal group, with quantum numbers {h, h); and the SL{2, ]R)_rX 
SU{2) symmetry is the bosonic subgroup of the supergroup SU{2\1, 1)/?. The back- 
ground preserves the supersymmetry, and so its perturbations form representations 
oiSU{2\l,l)R H: 



h J SU{2) 

(12) 



k + l k 2 

where k can be integer or half-integer. These multiplets are perhaps more famil- 
iar as the short representations of = 4 supersymmetry in two dimensions. The 
numbers of fermions and bosons at each level coincide and equals 2(2A; + 1). Note 
that the SL{2,H)l is not a subgroup of any supergroup, so every element of the 
superconformal multiplet has identical eigenvalue h of the SL{2, R)^ generator Lq. 

Light cone helicities: It is simplest to analyze the physical spectrum in the light- 
cone frame, where all modes are physical. The local 50(4, 1) Lorentz groupQ has 
little group 50(3) for massless fields; so the possible light-cone helicities for fields 
with spin s are: 

A = — s, — s + 1, ■ ■ ■ , s. (13) 

The light-cone can be chosen in the t—x^^ plane of the ^^5*3, where the 11th dimension 
is along the intersection of the M5-branes, and then the helicity is also given by 
X = h — h. Thus, the transformation properties under the D = 5 Lorentz group give 
the possible values of the AdS^ spin sq = h — h, and their degeneracies. 



■^Global properties of the groups are disregarded in the present work, e.g., 50(3) ~ SU{2). 
*We emphasize that this is not an isometry of the manifold, but it is reahzed locally in the tangent 

space. 
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The leading eigenvalues: Given a superconformal multiplet eq. 12 with parameter 
k, all the higher level multiplets k + 1, k + 2, ■ ■ ■ correspond to the expansion in 
partial wave^. However, the smallest value of k must be determined from separate 
considerations. The first step is to expand the fields in their D = A components and 
exploit that the angular momentum of a D = 4 field with spin s satisfies j > s so that 
the tower of states is precisely j = s, s + 1, ■ ■ ■. This observation gives the complete 
set of angular momenta for the fields in a given representation of USp{6). However, 
the relation between these towers and specific spacetime fields is not clear, because 
different fields with the same j can mix. 

We will resolve the remaining ambiguity by requiring that the USp{6) multiplets 
can be reassembled into SU{6) multiplets. This is a definite requirement for ex- 
treme configurations, including the state with three intersecting M5-branes and no 
momentum along the common string^. 

Altogether these observations give a practical way to find all the superconformal 
multiplets: consider fields in a given USp{6) representation and use their D = 5 
Lorentz-properties to find the possible helicities and their degeneracies; now simply 
choose superconformal multiplets in the unique way that exhausts all the values of 
the helicity. This can be done systematically, noting that each element in the super- 
conformal multiplet has the same value of h, so the highest SU{2) component, given 
in the first row of eq. 0, is the entry with the minimal AdSs spin sq = h — h. After 
the form of the multiplets has been found, the leading eigenvalues are determined by 
expansion in D = 4 components, as described above. 

In the following we make this procedure explicit by considering each of the N = 2, 
D = 5 multiplets in turn. 

^From the algebraic point of view the partial waves are generated by the SU (2) level 1 currents 

of the = 4 superconformal algebra. 

^There is an ordering ambiguity in the problem: we approach the near horizon limit first; and 

then take the momentum along the string to zero. Additionally, the leading eigenvalues of the super- 

multiplets could be interchanged in the dilute gas limit, where the symmetry of the central charge 

matrix is only USp{6). 
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Hyper-multiplet: There are only scalars and spin-^ fermions, and all components 
fit in a single superconformal multiplet: 

{h, h) ] SU{2) X USp{6) 

(1 + ^1 + I) l+'i (1,14') 
+ + / (2,14') 

(l + lj + l) l-\ (1,14') 

The required partial wave numbers for scalars and fermions in four dimensions deter- 
mine that / = 0, 1, ■ ■ ■. We use the convention that multiplets with j < are absent. 
In other words, the / = entry is a particularly short multiplet, where the vacuum is 
acted on nontrivially by only one of the four supercharges. 

The entry in the centre row are the minimally coupled scalars whose conformal 
weights have previously been identified by explicit calculation |TP|, ^ ; the results 
agree. By supersymmetry, the fermion with / = should share the property with 
minimally coupled scalars that, for each value of the helicity, the absorption cross- 
section o"abs(i^ — ^ 0) = A^, where is the area of the black hole; in contrast, 
o"abs(t^ 0) = for fermions that satisfy the Weyl equation It would be 

interesting to verify this prediction by explicit calculation. 

Vector multiplets: The helicities of the D = 5 vectors are h — h = ±1, 0; and the 
scalar has h — h = 0. This determines the supermultiplets as: 

{h, h) ] SU{2) X USp{Q) 



(1 + 1,1 + 1) l + l (1,14) 
(/ + !,/ + §) / + i (2,14) 
(1 + 1,1 + 2) I (1,14) 



(15) 



and 



(16) 



{h,h) J SU{2)xUSp{6) 

(1 + 2,1 + 1) l + l (1,14) 

(1 + 2,1 + 1) ^ + 1 (2,14) 

(1 + 2,1 + 2) I (1,14) 
The helicities of the fermions work out too, as they should. From the D = 4 per- 
spective there are two scalars, so there must be exactly two towers with the angular 
momenta j = 0,1, ■ ■ ■ ; this requires that both multiplets have / = 0, 1, ■ ■ •. 
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The AdS^ scalars, with spin sq = h — h = 0, are in general mixtures of the D = 5 
vectors and the D = 5 fixed scalars. However, there are precisely two states with 
j = 0, and the one with sq = — 1 must be part of the D = 5 vector; so the state with 
So = J = can include no vector contribution. Thus it must be the fixed scalar in 
the S-wave, with no mixing. The conformal weights {h, h) = (2, 2) of this state agree 



with those that have previously been identified by direct calculation |18, 20 



Massive gravitino multiplets: In this case the D = 5 vector transforms in the 2 
of the global SU{2); so its helicities determines the three supermultiplets: 



ih,h) 

(1,1 + I) 
(1,1 + 1) 

(IJ + I) 

(l + lj + l) 
(1 + 1,1 + 1) 

(l + lj + l) 

(1 + 2,1 + 1) 
(1 + 2,1 + 1) 
(1 + 2,1 + 1) 



SU(2 



+ 



+ k 



+ 



X USp(6) 
1,6) 
2,6) 
1,6) 

1,6) 
2,6) 
1,6) 

1,6) 
2,6) 
1,6) 



(17) 



Again, the fermion helicities serve as a check. 

The D = 5 vector decomposes into a D = 4 vector, and a D = 4 scalar. Since 
j = I for the bosons in these tables it follows that exactly two of the tables have 
/ = 1, 2, ■ ■ and one has / = 0, 1, ■ ■ ■. 



The middle table is identical to the result for the hyper-multiplet eq. |14|, except for 
the USp(6) representation. Therefore the condition that the states can be assembled 
into SU(6) multiplets forces that the middle table has range / = 0, 1, ■ ■ ■, just as the 
hyper-multiplet. Accordingly, the other two representations have / = 1, 2, ■ ■ -. 



Graviton multiplet: Finally, the D = 5 graviton has light cone helicities sq = 
h — h = ±2, ±1, ; so, together with the D = 5 vector helicities Sq = h — h = ±1, 0, 
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the supermultiplets are determined as: 



{h,h) 


j 


SU{2) X USp{<o) 


(1,1 + 1) 


l + l 


(1,1) 


iU + l) 


l + \ 


(2,1) 


n 7 \ n\ 
[l,L + 2) 


7 

L 


(1, 1) 




l + l 


(1,1) 


+ !,/ + §) 


l + \ 


(2,1) 


1 1 7 1 0\ 

+ l,L + 2) 


7 

I 


(1, 1) 


+ 2,/ + l) 


l+l 


(1,1) 


+ 2,/ + |) 


l+\ 


(2,1) 


+ 2,1 + 2) 


I 


(1,1) 


+ 3,1 + 1) 


l+l 


(1,1) 


+ 3,/ + |) 


l+\ 


(2,1) 


+ 3,/ + 2) 


I 


(1,1) 



From the D = A perspective the boson fields are 2 scalars, 2 vectors, and 1 graviton. 
The vectors and the graviton each have two degrees of freedom and the scalar has 
one. Thus there must be two towers with SU{2) quantum numbers j = 0, 1, ■ ■ ■, four 
with j = 1,2, ■ ■ ■ and two with j = 2, 3, ■ ■ ■. Comparing with the tables we find that 
two supermultiplets have indices / = 0, 1, ■ ■ ■, and two have I = 1,2, ■ ■ ■. 

Two graviton multiplets must combine with the vector multiplets eqs. p!^ - |l6| and 
form larger multiplets, with the global group SU{6). This condition determines that 
it is the middle two multiplets that have I = 0,1, ■ ■ the first and the last multiplet 
has / = 1, 2, ■ ■ ■ 



The wave functions of particles with spin in the background of dilute gas black 

. It was found that the leading 



holes have previously been considered in [^, 
Hawking emission of particles with spin s at low frequency is controlled by the con- 
formal weights (1, 1 + s) |2^. This result was based on "minimal" couplings, i.e. only 
the coupling to gravity was taken into account. In the present work, supergravity 
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specifies additional background fields. Nevertheless, the tables do have entries with 
the leading quantum numbers (1, 1 + This indicates the interpretation of Hawking 
emission of particles with spin remains qualitatively correct, even though a complete 
analysis of the greybody factors for the N = 8 black holes has not yet been carried 
out. 



2.3 The Chiral Primary Fields 



The chiral primaries are useful because they generate the complete supermultiplet. 
They are defined as the states that satisfy h = j. More precisely, the representation 
j of the SU{2) rotation group has elements with projections on some axis js = 
— j, ■ ■ ■ , j. The states with h = are the chiral primaries; those with h = — J3 are 
anti-chiral primaries. We will informally refer to all these fields as chiral primaries. 

The first entry of each table in the previous section corresponds to a chiral primary. 
In the extreme limit the fields form representations of SU{6), and we collect them as: 



h 




SU{<6) 


/ 


l + l 


l + l 


20 


0,1,- ■■ 


l + l 


l + l 


15 


0,1,--- 


1 + 2 


l + l 


15 


0,1,--- 


I 


l + \ 


6 


1,2,--- 


1 + 2 


l + \ 


6 


1,2,--- 


I 


l + l 


1 


1,2,--- 


1 + 3 


l + l 


1 


1,2,--- 



(19) 



All the chiral primaries are singlets under the global SU{2). 

The AdS/CFT correspondance predicts that this table gives the complete list of 
chiral primaries in the effective string theory describing three orthogonally intersect- 
ing M5-branes. In supergravity, it gives all the conformal weights underlying the 
greybody factors of extreme black holes. The result for the dilute gas regime is found 
by decomposing the SU{6) representation into USp{6), according to eqs. ^fjlO. 



The physical significance of the precise ranges of / is not clear. It is known that 
the "missing" states with / = generally correspond to modes that are pure gauge. 
However, it is possible such modes induce boundary states at AdS-infinity, and so 
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they may nevertheless play a role in the AdS/CFT correspondance. The discussion 
in the following paragraphs disregard the range of /. 

In the dilute gas regime, all the chiral primaries at a given level can be generated 
from the 14' state, by acting with two operators of the form Qf^j^, where A\s a,U Sp{Q) 
vector index, h = and h takes the two values h = and h = 1, respectively. This 
suggests that these operators, together with their complex conjugates, are symmetries 
of the chiral algebra. The Q^j^ have half- integer spin; so this global symmetry is itself 
a supersymmetry. Global symmetries are generally robust; thus it is reasonable to 
expect that the Q^j^ persist in the full interacting string theory. 

The admit a spacetime interpretation in terms of the broken supersymmetry. 
Namely, the infinitesimal generators of the broken supersymmetries act nontrivially on 
the background creating fermionic "perturbations". Repeated actions form a closed 
algebra, by the underlying supersymmetry. The restriction of this algebra of broken 
supersymmetry to the chiral operators gives the Q^j^- These operators must have 
definite transformation properties under the preserved symmetries. They are in the 
6 of USp{6), by restriction of the original 8 of SU{8). Generators of supersymmetry 
are spin-| so /i = |, to preserve the chiral condition. Finally, there are two D = 5 
helicities, so h — h = ±| determines the two values of the conformal weight h a.s h = 
and h = 1. It would be interesting to investigate the properties of the Q^j^ in more 
detail. 

3 N = 8 Black Holes in Five Dimensions 

The perturbation spectrum of five-dimensional black holes and their associated six- 
dimensional black strings has been considered recently by several workers |0, § H. 
In particular, the linearized equations of motion have been decoupled completely by 
explicit calculation, in the case of = 4 supergravity ||^, ^. The purpose of the 
present section is to extend this result to = 8 supergravity. In other words, we 
consider the background AdS^ x x M, with the small manifold M = T^, rather 
than M = K3. 

The matter content of = 8 supergravity differs from the matter content of = 4 
supergravity by having n = 5 anti-self dual tensor supermultiplets, instead of n = 21. 
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There are also additional fields, namely 4 gravitini, 16 vector fields and 20 fermions, 
with counting from the D = 6 perspective. In the linearized approximation, there are 
no couplings between the original = 4 and the additional = 8 perturbations^; 
so the results obtained previously for = 4 remain valid, except that now n = 5. 
However, the additional gravitino multiplet requires further considerations. 

The conformal weights of the additional multiplet can be worked out using group 
theory, as in the previous section. A new feature is that, for massless fields, the 
little group S'0(4) ~ SU{2) x SU{2) of the Lorentz group 50(5, 1) is not simple; so 
there are two independent helicities A and A. The AdS^ spin is given in terms of the 
helicities a,s sq = h — h = \ + \. The result obtained from group theory agrees with 
the one given below, in eq. However, in the present section we follow the explicit 
calculation of [H, and decouple the linearized equations of motion explicitly for the 
bosons. 



3.1 Decoupling of the Equations of Motion 

The linearized equations of motion for the vector fields in D = 6 SUGRA is: 

V^F;, - }-ef^MNO iv^r.F^^, HUo = • (20) 

These wave equations follow from duality, with the numerical coefficient determined 
by explicit dimensional reduction from D = 11 of selected components. The duality 
group 5*0(5, 5) has spinor indices a, (3 = 1, ■ ■ ■ , 16 and vector index A = 1, ■ ■ ■ , 10. 
The 50(5, 1) Lorentz group has vector indices /, J, ■ ■ ■ = 0, ■ ■ ■ , 5 that decompose into 
the AdSs indices /i, ■ ■ ■ = 0, 1, 2 and the indices a, 6, ■ ■ ■ = 3, 4, 5. 

The only nonvanishing matter field in the black hole background is a selfdual 
component of the antisymmetric tensor, decomposed as: 

in units where the cosmological constant is A = = —1. 

^It is consistent to take the 16 vector fields vanishing in the background, so they can appear 
only in quadratic order in the variations with respect to any of the iV = 4 fields. Alternatively, the 
decoupling follows from global symmetries. 



17 



The vacuum breaks the duahty group SO{5,5) S0{5) x S0{5), and the 
black hole background breaks this global symmetry further as 5*0(5) x 5*0(5) 
50(4) X 50(5). The field strength transforms as the spinor 16 under 50(5,5), 
and thus as the bispinor (4,4) in the 50(5) x 50(5) symmetric vacuum. In the 
5*0(4) X 5*0(5) symmetric background created by the black hole this representation 
is further broken to (2+,4) © (2_,4). The Gamma-matrices (r^)'^^ of 50(5,5) can 
be decomposed according to this symmetry breaking pattern. Then the two repre- 
sentations are distinguished by the eigenvalue P = ±1 of: 

{TunF^L = PF^L ■ (22) 

For definiteness we concentrate on P = 1 and so the representation (2^,4). The 
result for the alternative projection P = — 1 will be recovered in due course. Thus 
the equation of motion becomes: 

V^P.. - le f ''''''' FklH^^o = , (23) 

or, in view of eq. ^ |: 

V'Fja-e,'''Ftc = 0, (24) 

V'Fj^-e;'F,, = 0. (25) 

The general expansion in spherical harmonics on 5*^ is: 

A,{x,y) = (26) 

A,{x,y) = 5:[A('-±i)(x)Fi'-±i)(y)+A(''0)(x)a,r(''0)(i/)], (27) 
I 

where the coordinates on AdS^ and 5*'^ are denoted x and y, respectively. The spher- 
ical harmonics satisfy 0): 

y2ya,o) _ [!-(/ + l)2]y('.o) , (28) 

Vjr/.±i) = [2-(/ + l)W^l^ (29) 

,^bcQ^Y}^,±i) = + . (31) 



^We use conventions where e'"'P'''"= = -t'^^^t'^P = e'^^^'e'^''^ 
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It is straightforward to show that a gauge transformation can be chosen so that: 

9M„(x,y)=0. (32) 
This condition defines the Lorentz-DeDonder gauge. In this gauge A^^'^^ = so that 



the last term in eq. ^ vanishes. The gauge condition eq. ^ allows further gauge 



transformations of the form: 

6Af'\x) = d,A{x) . (33) 

These are generated by the 0-mode on the sphere. 

The equations of motion eq. ^ for the Ad S3 scalars become: 

Y.i^'^d^ - + 1)' T 2{l + i)]A(''±i)yj''±i) - J2 V^4''°)9ay(''°) = , (34) 

in the Lorentz-DeDonder gauge. Orthogonality relations of the spherical harmonics 
gives: 

VM(''°)(x) = 0, (35) 

so that the longitudinal modes decouple, as they should. The remaining equations 
are those of minimally coupled scalars in the AdS^, with effective masses: 

= (/ + 1)2 ± 2{l + 1) . (36) 

Then the conformal weights given through: 

= 4:h{h - 1) , (37) 

become: 

(38) 

The SU{2) quantum numbers of the fields are related to the indices {li,^) of the 
spherical harmonics through (j,j) = ^-^^j^ , ^-^^^) ■ Moreover, the fields are AdS^ 
scalars so h = h. Thus we arrive at the following table: 

ih,h) (jj) 50(4)xSO(5) / 

(¥'¥) (2+,4) 1,2,- •• (39) 

(2+,4) 1,2,--- 
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Next we consider the AdS^ vectors. Their equation of motion is eq. p5l In the 



Lorentz-DeDonder gauge eq. ^ we immidiately find independent equations for each 
partial wave: 

V^^i.^]"^ - ^''^[.^r = + 2)4'°^ • (40) 
It is simplest to analyze this equation by taking advantage of the 5*17(2, R) 2, x 
SL{2, R)/j; symmetry. From this point of view it is clear that vector fields in AdS^ 



satisfy h — h = ±1 and we can view eq. 40 as an equation for the energy Eq = h + h 



The S'L(2,1R) representation theory is analogous to that of SU{2). We need the 
equation analogous to eq. namely: 

e79,4''°) = T{h + h- 1)4''°) . (41) 

We find: 

{h + h-lf ±2{h + h-l) =l{l + 2) , (42) 

so h + h = I + 1 and h + h = I + ?> for h — h = ±1, respectively. We thus arrive at the 
table: 

{h,h) (jj) S0iA)xS0i5) I 

(¥4) (il) (2+,4) 1,2,--- (43) 

(¥'¥) (il) (2+,4) 0,1,2,--- 

Note that the functions Y^^'^^ are the standard scalar spherical harmonics with indices 



/ = 0, 1 ■ • ■. However, according to eq. ^ the corresponding mode is constant when 



h + h = 1, and thus this mode is not propagating. This absence of the / = mode is 
related to the residual gauge transformation eq. 

At this point we should recall that we have omitted half the story, due to the 



choice of P = +1 after eq. |2^. Accordingly, tables ^ and ^ summarizing the results 
contain only entries with 5*0(4) quantum numbers 2+. The fields with P = —1 and 
thus the global quantum numbers (2_,4), are the complex conjugates of those we 
have considered. They correspond to the entries of table |3^ with j <-> j, and the 
entries of table ^ with h ^ h. 

3.2 Superconformal Multiplets 

We shift the index / of the second entry in both tables ( ^ and so that / = 0, 1, ■ ■ ■; 
and, recalling the convention that multiplets with SU{2) indices j = — 1 or j = — 1 
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vanish, we allow / = for the first entry of eq. 3S. Then all the modes in the 
supermultiplet can be assembled into the table: 





h) 




50(4) X 50(5) 


1+2 
2 ' 


l+2\ 
2 ) 


(1+2 l\ 
V 2 ' 2/ 


(2-, 4) 


«+3 
2 ' 


l+3\ 
2 ' 


(l+l l-l\ 

y 2 ' 2 ) 


(2+ A) 


1+2 
2 ' 


l+l\ 
2 ' 


(1+2 l+l\ 

y 2 ' 2 ) 


(1,4) 


1+2 
2 ' 


2 ' 


(1+2 l-l\ 
V 2 ' 2 / 


(1,4) 


i+3 
2 ' 


l+2\ 
2 ) 


(l+l l\ 
\ 2 '' 2) 


(4,4) 


«+4 
2 ' 


l+?.\ 
2 ' 


V2' 2 ) 


(1,4) 


«+3 
2 ' 


l+l\ 
2 ' 


(l+l l+l\ 
y 2 ' 2 ' 


(2+,4) 


«+4 
2 ' 


l+2\ 
2 ' 


V2' 2^ 


(2^,4) 


«+4 
2 ' 


l+l\ 
2 ' 


(I l+l\ 
V2' 2 ' 


(1,4) 



(44) 



plus its complex conjugate. The fermionic entries were inferred by supersymmetry, 
discussed below. At each level / there are 8(/ + !)(/ + 2) bosons and 8(/ + !)(/ + 2) 
fermions. 

The underlying symmetry structure of the near horizon geometry of black holes 
in five dimensions is the factorized supergroup SU{2\1, 1)l x SU{2\1, 1)/j. In partic- 
ular, the two-dimensional supersymmetry is (4,4). It follows that the states can be 
organized into supermultiplets under left and right moving generators independently. 
Indeed, the table above is the tensor product of two = 4 multiplets of the form 
given in eq. |T2|, with parameters ki = {1 + 1)/2 and = 1/2; and the complex conju- 
gate multiplet similarly derives from ki = 1/2 and kR= {I + l)/2. The chiralities of 
the D = Q vectors, and the quantum numbers of the fermions were in fact determined 
precisely by demanding this structure. 

The chiral primary fields with respect to any (2, 2) subalgebra of the (4, 4) super- 
symmetry satisfy {h,h) = {j,j) 0. In the table above, the chiral primary fields are 
the entries with {h, h) = (^, ^)- Similar tables, for the fields present in the iV = 4 
case, are given in [§. This allows the assembly of a complete list of chiral primaries 
^More precisely the (j, j) representation of the SU (2) x SU{2) has components with ~ —j, ■ ■ ■ ,j 
and j3 = — J, • • ■ , J. The chiral fields are those components that satisfy {h, h) = (±J3, ija), with the 
four possible signs corresponding to elements in the (c, c)-, (c, a)-, (a, c)- and (a, a)-rings. 
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in the N = 8 black hole background. It is: 



{h,h) 50(4) X 50(5) 

(^,!±l) + c.c. (1,1) 

(^,^) (1,5) (45) 

(^,^) + c.c. (1,4) 

where / = 0, 1, ■ ■ ■. This representation of the complete perturbation spectrum is 
convenient for comparison with string theory. 



4 Microscopic Interpretation 

According to Maldacena's conjecture [|l| the spectrum of black hole perturbations is 
identical to that of the underlying string theory. For five dimensional black holes the 
string theory result is given in the work of Strominger and Vafa @]. This sets the 
stage for a detailed comparison, elaborating the one given in [0, . 

Consider the string theory spectrum of rii Z^l-branes and D5-branes, wrapped 
on a small Calabi-Yau manifold M with two complex dimensions, i.e. M = or 
M = K3. The spectrum is given by a superconformal a-model on the target space [Q: 

C = MVSfe (46) 

where the level k = nin^. The RR states of the cx-model are in one-to-one correspon- 
dance with the elements of the cohomology of the target space. It is a property of 
the symmetric orbifold construction that the cohomology of C can be constructed as 
a Fock space over the cohomology of M In particular, the level n {p, g)-form 



of H*{C), denoted {p,q)n, is the permutation invariant product of n (p, g)-forms of 
H*{M). More general elements in H*{C) are generated by combining these elementary 
ones, as in the construction of a Fock space. 

We are interested in the chiral operators, more precisely the (c, c) chiral ring. 
These are in the NS-NS sector, related to the RR-sector by spectral flow. Their 
spectrum is 0: 

{h, h) = (js, is) = ^ Y.(Pi -'^+ni,qi-l + ni) . (47) 
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The chiral operators are organized in a Fock-space whose building blocks are the 
"single particle operators", just as the RR-states. The conformal weights of the 
single particle chiral primaries are given by the individual terms in the expression 
above, with levels n = 1,2, ■ ■ ■, except that n = 2,3, ■ ■ ■ for p = q = because (0, 0)i 
corresponds to the standard NS — NS vacuum. Thus, their degeneracies are: 

{h, h) degeneracy 
(^, |) + c.c. /l2,0 + C.C. 

(^, ^) /io,0 + Kl .^gx 

(1+2 l+2\ -L ^ ' 

(^, |)+C.C. /li^o + C.C. 

/i2,l+C.C. 

where / = 0, 1, ■ ■ ■. 

The spectrum of chiral operators in string theory should be compared with that of 
black hole perturbations. In the linearized approximation, the perturbations can be 
superimposed, and therefore they form a Fock space, just as in string theory. Thus, it 
is sufficient to compare the single particle operators on the two sides. Moreover, it is 
only the chiral primaries that are needed, since these operators generate the complete 
supermultiplet. 

For the "scalar" Betti-numbers are /i2,2 = 1 and /io,o + ^i,i = 5. This gives 
perfect agreement between string theory (table |4^) and supergravity (table ^5]), as 
in 1^ (except that there M = K3). The remaining Betti-numbers are h2fl = 1 and 
^2,1 = ^1,0 = 2; and their complex conjugates. Here the degeneracies of string theory 
and supergravity agree again, but there is a minor discrepancy in the conformal 
weights: the first element of the (2, 0) and the (1, 0) string towers are absent in the 
supergravity description. The states that are missing are not propagating on the 
supergravity side because they are pure gauge modes; so it is quite proper that they 
are not included in the table. However, they may nevertheless induce physical degrees 
of freedom on the boundary at infinity; if these modes are included the agreement is 
restored. It would be interesting to work out this possibility in more detail. 

There is also an important structural difference between string theory and su- 
pergravity: in string theory the levels take a finite range n = 1, - ■ ■ ,k, but in the 
standard Fock space description they do not. This is the "stringy exclusion princi- 
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pie" D^. Moreover, in multiparticle states, the total occupation number (weighted 
with respect to the level) of all varieties of excitations is similarly bounded by k. 
Thus the stringy exclusion principle also applies to particles that are not identical. 

Let us conclude with a few comments on the conformal field theory underlying the 
four dimensional black holes. This theory is the effective two dimensional theory of 
three orthogonally intersecting M5-branes, wrapped on a small torus with their line of 
intersection kept large. Little is known about this theory, at least in comparison with 
the Dl — D5 bound state. In particular, there is no complete list of chiral primaries 
derived from string theory that can be compared with the perturbation spectrum of 
the near horizon geometry, displayed in table |19|. The result given in the table can 
be viewed prediction for string theory. 

In supergravity the spectrum of perturbations forms a Fock space, at the linearized 
level. Thus, it is inherent in the construction of the CFT via AdS/CFT correspon- 
dance that there is a large set of multi-particle chiral primaries, organized in a Fock 
space over the single particle chiral primaries, as in the Dl — D5 case. This suggests 
that, in analogy with the Dl — D5 system, we seek a cr-model on a symmetric orbifold 
with the structure given in eq. HUI. In the case of intersecting M5 branes we expect 



k = nin2?T,3, where rij is the respective number of M5-branes. It is not a priori clear 
what the manifold M is; but it should be readily determined from the spectrum of 



chiral primaries 
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